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HEAT REMOVAL FROM THE REACTOR FUEL ELEMENTS COOLED BY LIQUID METALS

V.1.Subbotin, P.A.Ushakov, P.L.Kirillov , M.K.Ibragimov, M.N.lvanovsky, E.V.Nomophilov, D.M.Ovech-
kin, D.N.Sorokin, V.P.Sorokin
Lately liquid metals are more and more widely used in nuclear power engineering as coolants
and working substances ofcycles.
The paper contains the results of some liquid metals heat transfer investigations carried out

at the Institute of Physics and Energetics.

I. HEAT TRANSFER TO LIQUID METALS FLOWING IN TUBES

The data available on heat transfe: i~ tubes can be divided into two groups. The first group

of the experimental data can be approximated by

Nu =5+ 0.025 Pe0-8; (1)
the data of the second group fall much below this curve. This discrepancy is caused by the
contact thermal resistance (Ry) between the wall and liquid metal. To exclude the influence
of R, upon the data treatment results, ihe data of the temperature distribution measurements
were analysed for liquid metals in T+ — y** coordinates and were presented by the following
expressions [1]:

at 0 <y++ <1: T+ =y

at 1 <y*+<11.7: T+*=1.87 In (y** + 1) + 0.065y** -- 0.36;

at  y™* >11.7: T*+=2.5layt -1,

The dimensionless temperature distribution is independent in the given coordinate system
of the Prandt] number Pr.

Equation (2) is obvious and no explanations are needed. Expression (4) describes the curve

averaging the experimental data. Equation (3) is chosen to avoid the discontinuity in T* and
AT
o ++

Expression (4) is an approximate one and it cannot be utilized to calculate the eddy diffusi-

at the edges of the layers (at y*+ = land y**=11.7).

tivities. At the centre of the flow where the velocity is practically constant the temperature
distribution is in fact nearly parabolical. However, this discrepancy does not greatly influence
upon the calculation results of heat transfer coefficients, the latters may be found by the integra-
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tion of the temperature distribution in the liquid metal flow. The integration yields formula (1).
The equations similar to (1) have been individually established by N.I.Buleev and 1..S.Kokorev
in the USSR,

In practice, the heat transfer coefficients can diminish because of the contaminatinn of the
coolant and heat transfer surface. It was stated by means of the wall temperature measure-nts
and those of the temperature distribution in fluid metals that the thermal resistance is mainly
determined by the amount of oxides and other impurities concentrated near the wall, The
magnitude of Ry depends on the tube diameter and the coolant velocity nearly in the same way
as the laminar sublayer thickness. Thermal conductivity of the contaminated coolant layer near

the wall proved to be proportional to the coolant thermal conductivity, The contact thermal

resistance data for various liquid metals may be generalized with the help of dimensionless
coordinates _ kEA_ - Re.

After the treatment of the temperature fields measured in the flows of various coolants over
the wide range of Re and Pr, the eddy diffusitivities for heat were determined {2, 3]. Their
values have a maximum at 0.2 <~ <0.3 and approach zero when rL + 1. At the tube axis

T

0 0
they are not equal to zero. Analysing the experimental data for mercury, water and air, it was
found the eddy diffusitivities for heat are independent of Pr (Fig. 1). The following equations
have been also obtained for a wide range of Re and Pr;

a

— =2.04x103Re [1+ (£)2-2 (L)) - [0.320 + 8.36x 107 Re] x y*e-0.083y* (5)
T T,

v o o

9.5

Tehe + 00153 Re0.82pn (6)

Nu = 7.24 -

where n=0.58 - 0.18 th (0.8 Ig Pr),
€:

. e e a
The relation between the eddy diffusitivities for heat and momentum ¢ =—— was also

determined. The magnitude of ¢ is a function of a radial distance; it also dep!;nds on the
Reynolds number Re [3].

While measuring the turbulent temperature fluctuations in water and mercury flow, it was
found, the temperature fluctuation amplitudes at the fixed point of floware in accordance with
the normal distribution law.

The correlation coefficient Rp between the fluctuations at the points r} and ro diminishes

from unity to zero when the distance (ro —r7) increases up to 8 — 12 mm (Fig. 2). The typical
turbulence scale for radial direction L, varies at 0 <= <0.9 relatively slightly and decreases
rapidly in going from -rr— =0.9 to'Fr-= 1. The maximum value of Ly is equal to 0.1, at‘r—r =0.7.
The turbulence scales %or reciproc%lly perpendicular directions on a tube cross-sectionoplane
are nearly the same. The typical turbulence scales are considerably greater for axial direction
than for radial one. For instance, L, = 4.7r, at %0 = 0. Thus, turbulent eddies are elongated
towards the [low direction,
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A correlation factor R, is a function of a time shift parameter r and independent of zero
time chosen (Fig. 2). Thus, the function describing the temperature fluctuations at a fixed
point of turbulent flow is a steady nomally distributed random function.

The density of the spectral function reaches the maximum value 0.6 at frequency~0.8 c/s
and is rapidly diminishing with the increase of perturbation frequency, Nearly all the heat
(~98%) is transferred by turbulent perturbations with the frequency < 10 ¢/s (Fig. 3). The
average lifetime is 0.1 sec. when Re = 10°.

The heat transfer study for different liquid metals flowing in short tubes revealed that
the starting section length where the temperature and velocity distributions are not fully
established depends on the Reyrolds number Re more strongly in case of liquid metals than
in that of normal fluids {31].

2. TEMPERATURE FIELD IN A BUNDLE OF CIRCULAR FUEL ELEMENTS

The circumferential temperature distribution of the circular fuel elements depends on the
bundle array geometry, fuel element properties, fluid properties and on its flow conditions

Analysis of the differential equations of fluid motion and of the heat transfer equations
for the case of fuel elements in jackets leads to the following dependence for the region of
fully-established temperature and velocity profiles.

by - tw S
T = ——— X =1(5; &; Pe; Pr; My) (0
(= Fng M "I ¢ Pe Pl

The fuel element properties can be characterized by the criterion

A 2k
M o o L &fm 8)

Aw 1o §2km !

wherem = . : Yo , (<1 ¢m < 1); K are the L.armonic numbers of Fourier series by which
function (7) is r:;resented [4]. The equation similar to (7) can be also obtained for the Nusselt
number Nu, averaged over the perimeter.

The fuel elements can be divided into the following groups according to their heat-conduc-
tion properties.

Group 1. The most general case. The criterion of the fuel elements similarity is expressed
by formula (8). The other groupsof fuel elements are the limiting values of this group,

Group 2. At the inner surface of the fuel element jackets (at r = Ry) the heat flux does not
vary with angular position (q = const)if A, >>),

Af 2k
Myz—t 1+&°
k Ny 1o g2k 9

For thin-walled jackets (8/32 << 1)
Af Rg

&

Ay d
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Group 3. At the inner surface of the fuel element jackets (atr = Rq) the temperature does
not vary with angular position ( t= const) if X, « A,

Ao 1-g2k

For thin-walled jackets:

(12)
Ayl

Group 4. The elements with jackets are equivalent to the fuel rods with the heat-conductivi-
ty Ay, if jacket thickness is great (fzk <<1) or when the elements and jackets heat-conductivi-
ties are equal (Ag = Ay; m = 0). In these cases

A
M= - (13)
Ay

Group 5. Elements with jackets are equivalent to the: fuel rods with heat-conductivity ,

when the jackets are thin (S/R2 <<1), and their influence may be neglected.

V= (14)
0
The given classification of circular fuel elements can help choosing the thermal simula-
tion. As simulators of the elements the tubes were used which were electrically heated to
provide uniform heat fluxes at the inner surface. With the help of such tubes the fuel elements
of the first and second groups with thin-walled jackets (10), (12) can be easily simulated as
well as those of the 4th, 5th groups (13), (14). It is difficult to simulate the elements of
1, 2, 3 groups which have sufficiently thick-walled jackets, because the simulation condi-
tions (8), (9),(11) at arbitrary K can be reduced to the following conditions for the model and
"’'nature’’:
Af
— = idem, )\ ~ idem, £ = idem.
w o
But if one knows the harmonic, the contribution of which to the t~mperature distribution is the
greatest, the use can be made of the approximate simulation. For example, for the case of
triangular array the fundamental harmonic corresponds to K = 6. Similarity condition in that
case is
1+§12 ( Af 1-1-m4;”12

) sim.

. _1_§12 e . 1_m512) nat. (15)

Temperature fields in fuel element simulators were studied, using bundles consisting of
seven tubes (triangular array) or of nine tubes (square array). The tubes were electrically
heated and surrounded by a test section shell with a special cross-section. Since the heat
picked up by fluid is not uniform over the bundle cross-section due to non-heated shell effect,
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the fluid temperature was measured at every duct exit. In calculations the fluid temperature
in the ducts, associated with the central rod, was used. Such an investigation method has been
experimentally tested with the bundle of 37 heated tubes. The data obtained for the bundles
of 7 and 37 tubes were in a good agreement.

The temperature of the tube wall was measured with the sheath-type thermocouples, 0.5 mm
0.D. They were inserted into the slots on the tube surfaces.

The bundles consisted of tubes,17.6 mm O0.D)., with & =2 mm (512=0.045). The tubes were
thick-walled enough to assume the tubes in the triangular array to be equivalent to the rods
of the same thermal conductivity (512 = 1). This assumption is less correct in case of square
array (the number of the fundamental harmonic k = 4; &8 = 0.127.

The close bundles of stainless steel cooled by mercury (Pr=0.022 — 0.025) and water
(Pr=2.4 —4.8) were studied ( )‘;" =1.85 and 24, respecrlvely) [41. Inruns with NaK (78% K,

Aw
Pr = 0.022 — 0.024) the close bundles of stainless steel (— = 0.69) and copper (_.. = 16.3)
Af Af

were used. The test section shell was heated only in the runs with the copper bundle which
had high thermal conductivity,

[n these runs the contact thermal resistance did not take a noticeable part, since liquid
metals were continuously purified from oxides. For instance, the amount of hydrogen in NaK
did not exceed 103 weight percentage, and there were noinsoluble oxides. The heat transfer
data for mercury and NaK flowing in circular tubes, obtained under the same conditions, are
in a good agreement and described by (1).

The circumferential te mperature and heat flux distributions in the rods (or in the thick-walled
tubes) in close bundles are shown in Fig.4. The heat {lux disiribution in a rod was found
analytically

=1—«k-—k—

a
T Mk (16)

at Tp = i A cos k ¢ (17)

The results obtained for the copper bundle are not plotted in Fig.4, as the temperature
non-uniformity was insufficient in this case (Tfmax < 0.02). The data for fluid metals, given
in Fig. 4, are averaged over the range 80 < Pe < 550. In this range the temperature non-uniform-
ity decreases about 1.3 — 1.5 times with Pe increase, and for mercury — about 1.1 — 1.15 times,
respectively for square and triangular arrays. The data for water are averaged over the range
104 < Re < 2.10% where the influence of Re on the temperature profile is insufficient.

The values of Pr and 7)\1”- for water greatly differ from those for liquid metals, however,
the temperature and heat flux non-uniformity differ not so greatly; it is interesting that in case
of water cooling the temperature non-uniformity is the least. The temperature non-uniformity
for a square array is greater than for triangular one.

a1

< - _5—
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The following is stated on the basis of data considered, analytical calculations and
other experimental results, The Si\imensionless temperature non-uniformity for fuel rods withcut
jackets is nearly proportional to T‘i As for *Fick-walled tubes, the value V slightly depends
on £ (on tube thickness).

A
In case of thin-walled tubes Tf depends rather slightly on 7\_".”_ . Hience, Tf also slightly

depends on the tube wall thickness since the relative thermal conductivity variation is
equivalent to that of tube wall thickness (see formulus 10 and 12).

While increasing a pitch: diameter ratio, the value of tne similarity criterion M} is diminish-
ing. Thus, even for S/dg =11 the circumferential temperature non-uniformity isabout 5 times

less than for close packing, i.e. it becomes insufficient. Therefore, when S/d > 1.1, the crite-
rion Mg may be excluded from equation (7) and in most cases tne circumferential temperature
non-uniformity may be neglected.
The experimental data obtained for close packings with a triangular array are approximated
by the formula:
002 , 0.3+0.04 V57 (18)

A
Nu=0.15 (=) I
Af

A
Pr « 1; 80 < Pe < 600; 0.69<11 <16.3
£

The data for square arrays are given in [4].
From the experiments with bundles (S/dQ =1.1-1.5)itis found that the heat transfer

coefficients do not practically depend on the pitch in the given S/d2 range if the rod diameters

and mercury velocities are the same.* The experimental data on heat transfer to liquid metals
for bundles with a triangular array are described by the formula

d foda i B
Nu =0.58 (HE-)O'J”Pe"\' 5 (19)
9

80 < Pe < 4000; 1.1<>= <1.5

do

The heat transfer coefficients in formulas (18, 19) are defined by 7 =~J— , where t is the
ty—tf
w

fluid temperature in the ducts associated with the central rod. As a characteristic dimension

an equivalent diameter ¢ { aduct is taken:
dp - dy (28 (8021
n d2

The experimental data on heat transfer to liquid metal flowing in-line through a bundle of
circular rods are presented in Fig. 5 where the following symbols are taken:

* The experiments were carriedout with the partaking of Zhukov A.V., Krivtsov V.A. and

Orlov Y.1.
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Y = Nu for close packing and
A
(2w )0,02 Pe 0.3 + 0.04
Ay
Nu S
¥ =( dr/ 055 pg 045 for the bundles with —JE >1,
do

The heat transfer peculiarities in bundle are also observed in case of water cooling. The
fully-established values of the Nusselt numbers Nu averaged over the perimeter for water
flowing in-line through close-packed rod bundles with triangular and square arrays are describ-
ed by the formula

Nu = 0.01 Re0.8 pr0.43 ; 400 < Re < 50,000 (20)

As a characteristic dimension an equivalent diameter of a duct is taken. Point scattering
relative to the averaging curve does not exceed 15 per cent.

At present some actual material is available on heat transfer to water and air flowing in-
line through a bundle of rods with S 5 1. The most data for water agree with the formula sug-

d
gested by Weisman [5]: 2 1
Nu= C Re0-8 pr 3, (21)
where for the triangular array with 1.1 <-§— <15 C-= 0.026S/d2 - 0.006,
2
and for the square one with 1.1 <§— <13 C=0.042%, — 0024,
- 92

At JS- =~1.15 formula (21) coincides with the formula for a circular tube. The experimental

data for water are given in Fig, 6.

The data on hexut transfer to air are more discrepant. Some of them agree well with the
formula for a circular tube and the other ones agree ncither with the formula for a circular
tube nor with formula (21). It is seen, for instance from [6]. Thus, there is no reason to regard
the problem of heat transfer to normal coolant flowing through a bundle of rods as finally
solved one,

The data available for liquid metals and normal fluids show that the use of the formulas,
obtained from the experiments with circular tubes, for calculating the temperazure field of rod
bundles (using the equivalent diameter) can lead to serious errors in many cases.

The influence of various parameters on the temperature field of fuel elements, arranged in
a bundle, can be determined by approximate calculations. For instance, the predicted data for
a slug flow give a good idea about a circumferential temperature and heat flux distribution in
rods and thick-walled tubes. There isalso a good coincidence between the calculations for a
slug flow and the temperature field measurements for NaK flowing in a close-packed bundle of
thick-walled tubes (& = 0.93).

In calculations of the slug flow neither the *’stagnant’” zones near the line of the tubes
contact are taken into account, nor the turbulence. The influence of these factors is apparently

b L
& U
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insufficient or they compensate one another, Therefore, the tube teinperature non-uniformities

predicted fall close to the measured ones. -

3. THE MEAN COEFFICIENTS OF HEAT TRANSFER IN SHELL-AND-TUBE EXCHANGERS

The investigation was carrizd out with the partaking of Suvorov M.Y. and Kolotvin A M.

The mean values of the shell side heat transfer coelficients were obtained for Na-K alloy.
Sodium at a higher temperature than NaK temperature was flowing through the tubes of heat
exchangers. Every heat exchanger consisted of seven tubes and a shell of a special cross-sec-
tion shape.

During the experiments the mean coefficients ol heat transfer from sodium to sodium-potas-
sium alloy were measured. From these coefficients and the heat transfer coefficients to sodium,
calculated according to (1), the mean values of the shell side heat transfer coefficients were

determined.

At 1.1 <§_ <145 60 < Vg, <2603 200 < Pe <1200

2

the experimental data are approximated by (Fig. 7):

d y
M= 8 4 0.027 (& - 11)% %1 P (22)
] d2 J
As a characteristic dimension an equivalent diameter was taken. In Fig.7
Nu

+0.027 (g, - 1.1)0-46

Y =
dr/l

d The mean values of the shell side Nusselt nunbers Nu also depend on S/d , as in the case
of fuel rod bundles. It is noticeable that the relationship Nu versus Pe for heat exchangers
is more strong (Pe0'6) than for fuel rod bundles (Pe(’-"":), .n- the heat transfer stabilization
occurs at higher values of l/d . It is well in agreement with the data of [8].
The values of the Nusse]trnumbers Nu for heat exchangers (19) differ greatly from those (22)
e for bundles with heat generation. The reasons for the difference are the following. The mean
values of the shell side heat transfer coefficients are influenced by a starting section and
obtained for the case of the heat flux, distributed non-uniformly over the length. These reasons,
are not the main ones, since for the great values of l/d the influence of the starting section is
negligible, and the influence of the heat flux non-uniformity is comparatively small.
The main reason for the difference is a great influence of a non-heated shell upon tne
fluid temperature field. While determining the heat transfer coefficients from Na to NaK, the
mean cup-mixing tefnperature is used; the latter differs greatly from the local ones. Since tie
fluid temperature is not uniform over the heat exchanger cross-section, the different tube rows

N have different heat transfer intensities. The effect indicated diminishes very slowly with the

increase of the tube number. It may be neglected only when the number of tubes is very great,

as an approximate calculation-has -shown,
326
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The difference of the data for heat exchangers and bundles can be estimated from the
consideration of the following simplest problem. Assuming that the fluid temperature in the
heat exchanger tubes is nearly constant (ihe assumption corresponds to the experimental
conditions), the heat transfer coefficients are constant over the tube length, and there is no

heat exchange between the ducts of the bundle,* the following formula can be derived:

Nu - 8 In Nuy
_N—EQ—- dy N Pe ln [(1 = p) exp (-A)) + pexp Ay

~Rey (23)

where Nuj is the Nusselt number for the central zone of the fuel rod bundle; Nup is the mean
value of the shell side Nusselt number; n, N are the number of tubes and ducts in the heat
exchanger, respectively; p is the portion of the peripheral ducts (i.e. the ducts associated
with the shell); R is the thermal resistance between the hot liquid and the outer tube surface.
Nuj Af

ar = dl‘ ) /\Ekpl

Corv '’

k, P, v are

1) the heat transfer coefficient between Na and Nak,
2) the heat transfer circumference, 3) the volume flow rate for central (Index 1) and peripheral
(Index I1) heat exchanger zones; when n - oo; Nul/Nu2 - 1.

The approximate calculations with the help of (23) yield the results, which qualitatively
agree with the experimental data. It was found that the difference between Nuj and Nug
decreases with the increase of the Peclet number Pe and Nuj > Nup. Thus, the relationship
Nuj = f(Pe) must be slighter than Nug = {(Pe) and it is seen from the experiments, While
treating the experimental data for bundles with S/d > 1 and taking as the determining tempera-
ture drop ("’wall-liquid"’) the difference between the averaged over the length rod temperature
and the mean mercury temperature for the whole bundle the Nusselt numbers Nuj proved to be
proportional to pe0-65,

A fairly great length ofa stabilization section of the mean Nusselt numbers Nu for heat
exchangers can be explained by the fact that the heat exchange between the neighbouring ducts
is relatively small.

The experimental and predicted results, mentioned above, show that the data obtained

from the experiments with heat exchangers may not be used directly for the calculations of
fuel element bundles.

4. PECULIARITIES OF HYDRODYNAMICS IN ROD BUNDLES
When a duct has sufficiently smooth walls and there are no ’’stagnant’’ zones, the pressure
drop law under turbulent flow conditions coincides usually with that for circular tubes if the

equivalent diameter is taken as a characteristic dimension, There is no such coincidence for
ducts of a more complicated shape.

*The experiments show that the heat exchange between the ducts of the bundle is negli-
gibic- over the wide range of Pe and l/dr' '
22
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The calculations and the experiments show that for close-packed bundles near the line of
rods contact there are "’stagnant zones’’ (i.e. the zones where the velocity is small). In this
case the shear stress varies with the angular position. Friction factors for close-packed bun-
dles with triangular and square arrays (in processing the equivalent diameter was used) are
nearly the same and equal to 60 — 65 per cent of those for circular tubes {4, 9, 10].

Sometimes good results can be obtained with the help of the method (1] to calculate ap-
proximately friction factors for ducts of a complicated cross-section shape. The method
consists in the substitution of the duct cross-section by such a cross-section when the fol-

lowing condition is satisfied:

. -3
(—) =min, (24)
(]

where {, £ are the friction coefficients for the duct and the circular tube, respectively.
P’ w ’are the wetted perimeter and the cross-section area of the duct obtained after the
substitution. The calculation of the ducts in close-packed rod bundles, carried out by

Papovyants A.K. and Ushakov P.A., yielded the following values of the friction factors:

Array type | Predicted values ' Experimental values

Triangular square 0.68¢, 0.63¢,
0.685¢, 0.63¢,

The available data on pressure drops in bundles with d-S’— >1 are rather discrepant. In general,

there is a tendency of increasing the friction factors with l%le growth of the pitch: diameter
. S . . .
ratio - . It is probably caused by the effect of the secondary fluid currents in the bundle ducts.

It is also possible thatthe ¢ :;:.-imental results invoi.. '+ peculiarities of the bundles under
investigation (e.g. the influence of rod bowing, the shape of the shell, etc.).

At present the most reliable method of determining the pressure losses in the reactor
channels is a direct experimental measurement of the pressure drops in the channels or their
models,

5. HEAT TRANSFER IN BOILING OF LIQUID METALS AND IN
CONDENSATION OF THEIR VAPOURS

The investigation of heat transfer in the boiling of liquid metals was carried out with the
participation of A.A.Ivashkevitch and A.P.Kudryavtsev. Liquid sodium was boiling on a
horizontal surface under free convection conditions. It was at its own vapour pressure in the
stainless steel tank, 160 mm in diameter and 280 mm high. The height of sodium layer was
150 — 200 mm. From the outside the tank was surrounded with the compensation heaters.

The heat transfer horizontal surface,38 mm in diameter, was placed at the same level as
the tank bottom. Heating was realized by electron bombardment of the heat-conducting wall.
The electrons emitted from a spiral tungsten cathode were accelerated by the anode voltage
controlled in the limits 0 — 10 kv.

328
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The sodium vapour was condensed in an air-cooled condenser placed at the upper part
of the tank, The sodium vapour pressure was measured by the transmitter of a compensation
type with an inductive "’null instrument’’ (the sensitivity is~ 1 mm Hg).

In some experiments the heat transfer coefficients were measured on the heat-conducting
wall consisting of three layers. The stainless cylindrical cup was cast in vacuum with copper.
After some mechanical treatment the copper surface was plated with about 20 y of nickel to
protect copper from sodium attack. In some experiments the plating was washed away and
sodium got into contact with copper. In other cases the heat-conducting wall consisted of two
layers (stainless steel,copper); sodium boiled on the stainless steel surface.

The wall temperature was measured by two chromel-alumel thermocouples (0.2 mm) covered
with corundum insulation. They were installed in copper by means of casting. Such an instal-
lation gave high measurement accuracy of the heat transfer surface temperature (inertia was
slight). The temperature distribution in sodium and vapour versus distance from bottom was
measured with a movable thermocouple, its position could be determined with the accuracy
0.2 mm. Sodium temperature was also measured with fixed thermocouples.

To investigate the burnout thermal fluxes the heat-conducting wall was made of nickel-
base high temperature alloy or of molybdenum. The burnout onset was seen from a sharp
increase of the wall temperature after a slight (1 ~ 2%) increase of the thermal flux.

To purify sodium periodically with a cold-trap and take sodium samples by the vacuum
distillation method, the closed circulation loop has been provided.

The measurement method of the boiling coefficients and the burnout thermal fluxes was
preliminarily tested in water boiling at atmospheric pressure,

It was found that sodium on stainless steel and nickel surfaces could be considerably
overheated relative to the saturation temperature tg (up to 100° and above). The whole volume
of sodium was also considerably overheated. In thiscase there was no boiling on the heat
transfer surface even when the thermal fluxes were great (~] 06kc3 ). From the wall the

heat was being removed by conduction and convection, and the en\:aporation from sodium
surface took place, The measurements with the movable thermocouple showed that the tem-
perature difference between sodium and vapour was great enough. Such temperature conditions
lasted sometimes dozens of hours.

It was stated experimentally that there were two boiling conditions for sodium, i.e. stable
and unstable ones. Under stable boiling conditions rather small fluctuations of the wall
temperature were observed while great fluctuations (up to 100° and above) were characteristic
of unstable boiling conditions. The frequency of temperature fluctuations under stable boiling
conditions is higher than under unstable ones. On nickel and stainless steel surfaces there
were observed both boiling conditions. On copper surfaces the boiling conditions were always
stable. Both conditions could exist for a long time. Temperature drop on the sodium surface
sharply decreased when passing from natural convection to unstable boiling and became
insufficient in nucleate boiling.

The measurements with the movable thermocouple showed that practically there was no
temperature gradient in boiling sodium, excluding the layer of several-mm thickness near the
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wall. The temperature fluctuations of this layer were similar to the wall temperature fluctuations.
Typical variations of the heat-conducting wall temperature with time are presented in

Fig. 8. The record was made with a potentiometer of EPP-09 type when sodium temperatures

were fixed and thermal fluxes were constant. The diagram sections a, b, c correspond to the

heat transfer without boiling. At the final points of these sections sodium temperature and

the "’wall-liquid’’ temperature drive suddenly decrease due to sodium boiling up. The transi-

tion is accompanied by loud strokes and the pressure rise in the tank. The sections d, e, f cor-

respond to the unstable sodium boiling and the sections g, h do to the stable one.

kcal | q keal )
m2hoC’ 2y
Here the available data on heat transfer are also presented when sodium is boiling on outer

tube surfaces [12, 13] and NaK — on a plane surface [14].

The experimental data in Fig. 9 can be qualitatively divided into three groups. The first

The boiling coefficients obtained experimentally are presented in Fig. 9 (a

group corresponds to the case when the heat is removed by convection and heat conductivity,
and no boiling occurs. The experimental data of this group are approximated by the curve ac-
13 kea

|
mZh °C
when no boiling occured (t,<<tg).

cording to a = 100q . The formula describes the data obtained with the same apparatus

The second group of the experimental data corresponds to the nucleate boiling. The curve
averaging the data is approximated by the formula

23 keal
= 4 —_
a=™ m2hoC

There exists a definite relation between the fluctuation amplitude and the division of the

(25)

experimental data on nucleate boiling heat transfer (See Fig.9), namely, the higher boiling
coefficients correspond to the lower temperature fluctuations (Cf. Figs 8and 9).

The experimental data of the third group fall between the first group and the second group.
The lower the amplitude and the higher the temperature fluctuation frequency are, the nearer
the data of this group are to the nucleate boiling data.

In the investigated range of parameter variation the dependence a = f(ps) proved to be
slight. The values of burnout heat fluxes in sodium boiling under free convection conditions
(Fig. 10) are presented by the formula:

6 keal
9kp =(1.5+1.3pg)10 200 (26) N

0.015<p < 1.2 atm

The data of [13] are in agreement with formula (26).

It is interesting to note that the burnout occurs earlier for the case of unstable boiling.
For exanple, when pg 20.35 atm the values of dkp for nucleate and unstable boiling differed
by 70 per cent (the points a, b are given in Fig.10). Sodium boiling was studied visually with
the aid of x-rays, the image was projected on the image converter screen. The sizes of vapour
bubbles were seen to be greater for sodium boiling than for water boiling at the atmosphe:ic pres-
sure under the same conditions.
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The condensation of "’immovable’’ potassium vapour on a plane stainless steel surface
has been studied. A foil sheet, 110x60 mm, 0.2 mm thick, served as the condensation surface,
the former was brazed with a silver solder to a massive copper parallelepiped. The thermo-
couples, 0.8 mm 0.D., were inserted in copper. The condensation was photographed through .
special glass windows.

After 20 minutes of operation at 450°C the wall got completely wetted and the condensa-
tion became filmwise. The potassium vapours were pale blue-green by daylight.

The heat transfer coefficients at 400 — 700°C, pressures 0.006 — 0.56 atm and heat
fluxes 60.103 - 280.103 231 were 15,103 _ 05103 el

3]
m*h m~h ©

the ones calculated with the account of condensate film thermal resistance only. The decrease

, i.e. they were much less than

of the heat transfer coefficients may be caused by the thermal resistance at the solid-liquid
interface and by the thermal resistance at the vapour-liquid interface associated with the phase
transition or with some amount of non-condensables available,

To investigate the influence of the factors indicated, the measurements have been carried
out of the temperature distribution in potassium vapour, condensate ard in the heat-conduct-
ing wall. For this purpose a movable thermocouple in a stainless sheath, 0.5 mm 0.D., was
used. The condenser was made as a cylinder of stainless steel. The cylinder was cooled
from below by water. At the top of the cylinder there was a 8-mm deepening filled with con-
densate. The wall temperature field was measured by inserting a movable thermocouple into
a narrow (0.95 mm) vertical slot cut in the wall.

The measurement at 320 — 640°C, 8.10°¢ — 0.28 atm and (8 — 18).10% ka;l revealed that

there was no contact thermal resistance between the stainless steel wall and condensate.

At low pressure the ""temperature jump®’ was found at the vapour-liquid interface; it
decreased with the pressure increase (Fig. 11). The value of the ’temperature jump’’ agrees
well with the predictions of the kinetic theory of gases; the condensation coefficient is as-
sumed to be equal to unity and correction is made for convective vapour velocity towards the
condensation surface [15], (Fig. 12).

As preliminary experiments show, the values of the condensation heat-transfer coelficients
for the case of potassium vapour, flowing in a horizontal circular tube, are nearly the same
as for the condensation on a plane surface. The radial component of the potassium va pour
velocity has an influence upon the pressure drop for the condensation tube.
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NOMENCLATURE

The following nomenclature is used:
ro= radius of tube (d = 2ry; y = Ty~ I);
= heated length;

P, p = heated nerimeter; wetted perimeter of duct;

w = cross-section area of the duct;
d, = 4p& = equivalent diameter;
2, o= inner radius, outer radius of the tube (of the fuel element jacket); ‘
R
dj=2R); dgp=2Rg; £=—=);
(€1=2y dg=2Mgi ¢ =)

8 = wall thickness;
S = pitch, distance between tube (rod) centres;
Af, Aw, Ao = thermal conductivity (f — fluid, w — wall, o - rod);
¢ = angular position ;
tf, tw = fluid temperature, wall temperature;
(ty = wall temperature, averaged over the perimeter);
q = heat flux through unit area at the heat transfer surface;
a = heat transfer coefficient;

u2
¢ = friction factor defined by anE = g-i —2-;“-

Dimensionless Groups

t Yvr/ t
T4 T+Ho —;y+e. L. yPoyPry TN

’ *, v -R
Pcp\g T T

The rest of nomenclature is well-known,
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FIG.2. CORRELATION COZFFICIENTS: Ry — FROM THE EYPERIMENTS VITH WAT];R AT
Re = 17x103; AND R, — FROM THE EXPERIMENTS VITH MERCURY AT Re = 10
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FIG.3. DENSITY OF SPECTRAL FUNCTION S(f) FROM TEE EXPERIMENTS WITH MERCURY
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FIG.4. CIRCUMFERENTIAL TEMPERATURE AND HEAT FLUX
DISTRIBUTION IN CLOSE-PACKED ROC BUNDLES WITH
TRIANGULAR AND SQUARE ARRAYS. 1, 2, 3 - MERCURY

A A A
. (T = 1.85), Na-K ALLOY (T = 0.69) AND WATER (_¥ = 24), S
R Y ; Y ;
RESPECTIVELY
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FIG.5. HEAT TRANSFER TO LIQL){ID METALS IN ROD BUNDLES. CLOSE-
. PACKED BUNDLES (a): 1, 2, 3- %= 0.69, 1.85 AND 16.3, RESPECTIVELY .
£

LOOSE-PACKED BUNDLES (b): 4, 5,6,7,8, 9 — s/dz = 1.1 1.15; 1.2; 1.3;
1.4; 1.5, RESPECTIVELY
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FIG.6. COMPARISON OF DATA FOR WA TER WITH FORMULA (21).1, 2, 3 — DATA OF DINGEE
ET AL. FOR SQUARE AND TRIANGULAR ARRAYS (TAKEN FROM [5]; 4 — DATA OF PAPER [7];
. 5 — FROM THE EXPERIMENTS CARRIED OUT BY B.N.GABRIANOVITCH, A.V.ZHUKOV,
S P.A.TITOV, P.A.USHAKOV *"
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FIG.7. MEAN VALUES OF SHELL SIDE NUSSELT NUMBER Nu FOR 1 - S/dz =1.1, 1 = 425 mm;

2,3,4- S/dz = 1.14, 1 = 314, 500 AND 600 mm; 5, 6,7 — S/dz =1.25, 1= 514, 765 AND 1040 mm;
8,9 — S/dz = 1.4, 1 = 460 AND 1300 mm, RESPECTIVELY
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FIG.8. WA LL TEMPERATURE VERSUS TIME FOR SODIUM BOILING 1,2,3~q =
=1.4.106; 0.82.106; 0.47.106 .“CZ_“I AND t =710, 690, 800°C, RESPECTIVELY |
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FIG.9. HEAT TRANSFER TO BOILING SODIUM UNDER FREE CONVEC-
TION CONDITIONS 1, 2, 3 — NICKEL SURFACE, tg =600, 650 AND

700°C; 4, 5, 6, 7~COPPER SURFACE, tg = 700, 750, 800 AND 850°C;

8,9, 10 — STAINLESS STEEL SURFACE, tg =700, 800 AND 850°,
RESPECTIVELY; 11, 12 -~ DATA FOR SODIUM FROM [12, 13];
13 — DATA FOR NaK FROM [14]; 14 - FREE CONVECTION VITHOUT

BOILING ( = 500°C, p = 1 atm)
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FIG.10. BURNOUT HEAT FLUXES IN SODIUM BOILING UNDER FREE ‘
N CONVECTION CONDITIONS 1,2,3 — ON NICKEL-BASE HIGH-TEMPERATURE .
ALLOY, ON MOLYBDENUM AND ON STAINLESS STEEL, RESPECTIVELY;
4 - DATA OF PAPER [13]
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#IG.11. TEMPERATURE DISTRIBUTION IN POTASSIUM VAPOUR,

CONDENSATE AND CONDENSER WALL 1, 2, 3 — VAPOUR, CONDENSATE

AND WALL; 4, 5, 6, 7 — DATA AT VAPOUR TEMPERATURES 345, 364, 383
AND 640°C, RESPECTIVELY
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FIG.12. COMPARISON OF POTASSIUM CONDENSATION COEFFICIENTS
CALCULATED FROM THE TEMPERATURE *?JUMP” AT THE VAPOUR-
LIQUID INTERFACE AND PREDICTED BY KINETIC THEORY OF GASES
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